Aster kantoensis Kitam., an endangered plant species of the family Compositae, is a local endemic to the gravellȳ oodplains of a few rivers in central Japan. The successful growth of A. kantoensis is mainly restricted to sparsely vegetated sites where, due to lack of continuous vegetation, high radiant energy input results in stressful conditions with excessive light and heat. To reveal the ecophysiological characteristics which enable the species to cope with such environmental stresses, we measured leaf temperature, shoot architecture and photosynthetic and transpirational responses together with the microclimate of the natural habitat. Even under sunny summer conditions, the leaf temperature of A. kantoensis was much lower (35±398C) than the soil surface temperature (max. 608C). The relationship between leaf position (height from the ground) and leaf temperature showed that the caulescent rosette form of A. kantoensis helps avoid leaf overheating. Moreover, in situ gas exchange measurements revealed that the high transpirational capacity (as high as 10 mmol H 2 O m À2 s À1 ) was eective in controlling leaf temperature, as long as the soil water supply was not severely limited. Since it has eective mechanisms to avoid the multiple stresses indigenous to its gravelly¯oodplain habitat, A. kantoensis can maintain a high photosynthetic rate (up to 30 mmol CO 2 m À2 s À1 ) without any midday depression under sunny summer conditions. # 2000 Annals of Botany Company
INTRODUCTION
Floodplains of most Japanese rivers are characterized by extensive gravelly areas with sparse vegetation cover and poor nutrient status due to active production and redistribution of gravel along river channels. In the gravelly¯ood-plain, plants are subjected to multiple stresses, e.g. excessive radiation, heat load and drought, as well as intermittent disturbance by¯ooding; the¯ora, consisting mostly of river endemics, is thought to be speci®cally adapted to the stresses and disturbance (Miyawaki et al., 1994) .
Aster kantoensis Kitam. is a short-lived perennial which grows only in the gravelly¯oodplain of a few large rivers of the Kanto Plain of central Japan (EPSG, 1989; Miyawaki et al., 1994) . Establishment and successful growth of A. kantoensis seedlings are mainly restricted to sparsely vegetated areas in the¯oodplain (Takenaka et al., 1996) , where high radiant energy input results in potentially stressful conditions of excessive light and heat for small A. kantoensis plants (Larcher et al., 1989; Goldstein et al., 1996) .
Generally, excessive light and heat are among the major environmental stresses that reduce photosynthetic activity through stomatal closure and/or dynamic photoinhibition, especially during the midday hours Tenhunen et al., 1982) . Stomatal closure, which is induced by a large leaf-air water vapour pressure de®cit (VPD) at a high leaf temperature (Hsiao, 1973) , can reduce photosynthesis through decreasing the intercellular CO 2 concentration (C i ) (Tenhunen et al., 1981; Farquhar and Sharkey, 1982) . Photoinhibition caused by excess excitation of the photosynthetic apparatus would ®nally decrease the lightsaturated rate of CO 2 assimilation (Powles, 1984; Osmond, 1994) . High temperature combined with stomatal closure may also lead to further inactivation of photosynthetic reactions (Ludlow and BjoÈ rkman, 1984; Gamon and Pearcy, 1990; Valladares and Pearcy, 1997; Muraoka et al., 2000) . Therefore, plant species habitually subjected to multiple stress conditions are expected to evolve avoidance or tolerance mechanisms.
To avoid or minimize the deleterious eects of excessive light and heat load, regulation of leaf orientation relative to the solar beam (Ehleringer and Forseth, 1980; Kao and Forseth, 1992; Muraoka et al., 1998) and high re¯ectance (Ehleringer, 1982 (Ehleringer, , 1988 are thought to be eectual morphological mechanisms. However, the nearly glabrous leaves of A. kantoensis are ineective in avoiding absorption of much light energy, while its caulescent rosette form (approx. 5±10 cm tall) reduces the re¯ected heat input into the leaf. Overheating of leaves can be reduced by transpirational cooling (e.g. Schmitt et al., 1993; Laurie et al., 1994) , but this may lead to severe water de®cits in plants (Hsiao, 1973) . Plants tend to close their stomata during midday hours to avoid deleterious transpirational water loss at the cost of photosynthetic CO 2 exchange (Cowan, 1982 Hall, 1982; Tenhunen et al., 1984) . However, stomatal closure inevitably causes a decrease in C i which greatly enhances the possibility of photoinhibition due to reductions in absorbed photon utilization.
If the morphological or transpirational responses were not eective in avoiding high radiation stresses, the absorbed light energy could be consumed or dissipated through biochemical processes. Four dierent processes are known to dissipate surplus light energy absorbed by a leaf: (1) CO 2 assimilation; (2) photochemical dissipation associated with other metabolic processes such as photorespiration; (3) re-emission of photons as¯uorescence; and (4) conversion of light energy into heat in the pigment bed: non-photochemical dissipation (BjoÈ rkman and Demmig-Adams, 1995) .
This study aims to investigate how A. kantoensis adapts ecophysiologically to potentially stressful environments with high light and intense heat. We investigated the avoidance or tolerance mechanisms of A. kantoensis by measuring leaf temperature, shoot architecture, and photosynthetic and transpirational responses as well as in situ light and temperature conditions in its natural habitat.
MATERIALS AND METHODS

Plant material
Aster kantoensis, a semelparous perennial herbaceous species of the Compositae, is closely associated with the gravelly and sandy¯oodplain habitats of a few large rivers of the Kanto Plain, central Japan (EPSG, 1989) . Environmental conditions in the¯oodplain habitats have changed greatly in recent years due to human in¯uences. Consequently, populations of A. kantoensis have decreased rapidly and this species is now rated as endangered in the Japanese red data book (Environmental Agency, 1997) .
The species is an erect, single-stemmed rosette plant, 5±10 cm tall, increasing in height to 40±70 cm in autumn (October±November) after several years' vegetative growth. The seeds, with no innate dormancy, ripen in early winter and germinate the following spring when the soil is suciently warmed and moistened (Washitani et al., 1997) . 
Study site
Measurements of light and temperature
Light and temperature at the soil surface and the leaf were measured on 11 August 1998 in the natural habitat of A. kantoensis. Typical rosette plants, 5 cm tall (i.e. the lowest leaf is 5 cm above the ground), grown on sandy soil were chosen for the measurements. Photosynthetically active photon¯ux density (PPFD) at a height of 2 m above the ground was measured with a photon sensor (IKS-25, Koito Industry, Japan) mounted horizontally. The photon sensor was connected to a data logger (Thermodac-E, Eto-Denki Inc., Japan) and readings were recorded at 1 min intervals. The temperature of the leaves of A. kantoensis and of the soil surface were measured 50 cm above the plant or soil surface using a thermal video system (TVS-2000Mk22 LW, Nippon Avionics Co., Ltd., Japan) under both clear and overcast sky conditions.
Eect of distance of the leaf from the soil on leaf temperature and light
Leaf temperature of A. kantoensis rosettes was measured with thin copper-constantan thermocouples (0 . 07 mm diameter) attached to the lower side of each leaf. Measurements were made of two leaves of eight A. kantoensis plants which were not shaded by any other plants. Simultaneously, air temperature was measured with thermocouples covered by a small piece of white paper to avoid direct irradiance. The thermocouples were connected to a data logger (Thermodac-E) and readings were recorded at 1 min intervals.
Leaf height (the distance between the centre of the leaf and the ground surface) was measured with a ruler and the inclination angle and azimuth of the leaf were measured with a clinometer (Norman and Campbell, 1989) .
To evaluate how separation of leaves from the ground is eective at controlling leaf temperature, leaves were lightly placed on the soil surface which was arti®cally elevated by ®lling a short cylinder (17 cm diameter, 4 cm height) placed around the plant with sand, and the leaf temperature was measured. PPFD on the leaf surface was calculated from horizontal PPFD (see above), and leaf inclination angle and leaf azimuth using equations described by Ehleringer (1989) . Estimated leaf PPFDs were used to analyse the relationship between incident PPFD and leaf temperature.
Measurement of leaf gas exchange in the natural habitat
Leaf photosynthetic gas exchange was measured with a portable photosynthesis meter (LI-6400, Li-Cor Inc., Lincoln, Neb., USA) in the natural habitat on 29 July, 11 and 16 August 1998. Measurements were made on two mature leaves on each of ®ve medium-sized plants. The clamp-on leaf chamber allowed natural illumination of the upper leaf surface during the measurement. A leaf in the chamber was oriented manually so as to be fully exposed to the direct irradiance. Incident PPFD beside the leaf chamber was measured with a photon sensor .
CO 2 concentration of the air entering the leaf chamber was controlled at 350 mmol mol À1 . Air temperature and relative humidity within the chamber were adjusted to be similar to ambient. Data were recorded after the gas exchange parameters i.e. leaf photosynthesis (A leaf ), transpiration rate (E), stomatal conductance to water vapour (g sw ), and intercellular CO 2 concentration (C i ) became constant, which usually took about 30 s. PPFD at a height of 2 m above the ground was also measured with a photon sensor (IKS-25) placed horizontally and recorded on a data logger (Thermodac-E) together with the air temperature at 1 min intervals.
Materials for the gas exchange measurements in the laboratory and in situ To measure gas exchange responses in the laboratory and in situ conditions as below, we used plants cultivated in the experimental garden of the Agricultural and Forestry Research Center in the University of Tsukuba, which is about 80 km southeast of the natural habitat. The seeds collected in the River Kinu in December 1997 were sown on moist peat moss plates (20 cm Â 12 cm Â 3 cm, Sakatanotane Co., Yokohama, Japan) on 20 April 1998. Seedlings were cultivated in a growth chamber (NK-system, Nippon Medical and Chemical Instruments Co., Ltd., Japan) for about 20 d until the ®rst true leaf was fully expanded. Air temperature inside the growth chamber was maintained at 24/128C (12 h day/12 h night). Daytime PPFD and relative humidity were controlled at 34±65 mmol photons m À2 s
À1
and 70 %, respectively. After leaf expansion, individual seedlings were transplanted to a plastic pot (12 cm diameter Â 9 cm depth) ®lled with sand, and transferred to a sunny site in the experimental garden in mid-May. The pots were half-buried in the ground to avoid extreme drought. Seedlings were irrigated regularly for a week after transfer, but thereafter were subject to the natural uctuation of soil water depending on rainfall. Liquid fertilizer (about 100 ml per pot of Â 2000 diluted solution, HYPONeX 1 , Murakamibussan Co., Japan) was applied twice during May 1998. In 1999, seedlings were raised similarly to those in 1998 and transplanted to clay pots (17 cm diameter Â 15 cm depth) to study the relationship between soil water availability and photosynthetic gas exchange responses.
Temperature dependency of gas exchange responses
In August 1998, temperature dependencies of gas exchange responses were measured in the laboratory for an attached single leaf on each of ®ve plants grown in the experimental garden using an open gas exchange system with a CO 2 /H 2 O analyser (LI-6262). Gas exchange responses were examined at various temperatures between 20 and 408C and a constant PPFD of 1300 mmol photons m À2 s À1 irradiated by a 1000 W xenon arc lamp (MLBO250C-U, Mitsubishi, Japan). Air containing 350 mmol mol À1 of CO 2 was supplied by an air-balanced gas cylinder (Takachiho Industry, Japan), and air¯ow entering and leaving the leaf chamber was measured using mass¯ow meters (Ko¯oc-1600R, Kojima, Japan). Humidity was controlled by bubbling the air through a water bath with a temperature-controlled condenser (Coolnit C80, Taiten, Japan). Relative humidity and temperature of the air entering the chamber were measured with a humiditytemperature probe (HMP35A, Vaisala KK., Japan). A thermo-control system (PWM and BIPOLAR Control System, Thermocontroller Type MT702-1206, Netsu-Denshi, Japan) attached to the underside of the chamber was used to control air temperature in the chamber. Leaf temperature within the chamber was measured with copper-constantan thermocouples (0 . 1 mm diameter). At least 30 min were needed to obtain steady state gas exchange rates at each temperature. Prior to the measurement of temperature dependency, plants were well watered. VPD was allowed to increase spontaneously with rising leaf temperature from 1 . 7 kPa at 208C to 4 . 3 kPa at 408C. Gas exchange parameters were calculated according to Field et al. (1981) .
Eect of soil water availability on gas exchange responses
To examine the eect of soil water availability on the photosynthetic activity in situ, gas exchange rates in plants subjected to dierent soil water moisture conditions were measured under natural high light. On 6 August 1999, ten potted plants (grown as above) were transferred to a wellventilated greenhouse (70 % full sunlight), and watered well. Five plants were watered daily until measurements were made (average soil water content 15 . 9 %:`Wet' plants) but the remaining ®ve were not irrigated (soil water content 4 . 5 %:`Dry' plants). The soil water contents of these contrasting regimes are similar to those at a depth of 10±20 cm and 0±10 cm in the natural habitat during summer (see companion paper by Matsumoto et al., 2000) . On 9 August, measurements were made on two mature leaves on each of ®ve plants at a sunny site in the experimental garden. Leaf gas exchange was measured with a portable photosynthesis meter (LI-6400) as described earlier.
RESULTS
Soil surface and leaf temperatures
The thermograph of an A. kantoensis plant in its typical microhabitat at a PPFD of 1800 mmol photons m À2 s
À1
under a clear summer sky (Fig. 1) showed that leaf temperature was maintained around 358C, while the soil surface temperature was as high as 608C. Under a cloudy sky, with a PPFD of approx. 150 mmol photons m À2 s À1 , both leaf temperature and soil surface temperature were as low as 308C.
Eects of morphology on leaf temperature
Leaf temperature correlated with incident PPFD in the plants grown in various microhabitats of the¯oodplain (Fig. 2) . Figure 3 shows the relationship between leaf temperature and leaf height from the ground under PPFDs above 1500 mmol photons m À2 s À1 . Increase in height from the ground tended to decrease leaf and air temperatures (leaf temperature: r À0 . 745, P 5 0 . 01 (ANOVA); air temperature: r À0 . 989, P 5 0 . 001). Leaf temperature was always lower than air temperature, regardless of height. When the ground level was arti®cially raised to the leaf, leaf temperature approached air temperature, but was still slightly lower than air temperature. Figure 4 shows the diurnal changes in leaf gas exchange rate for the leaves of A. kantoensis grown in its natural habitat. A leaf roughly followed the change in incident PPFD and reached a daily peak of about 30 mmol CO 2 m À2 s À1 in the midday hours (1200±1400 h) on 29 July, or in the morning (around 1000 h) on 11 August (Fig. 4) temperature was similar to air temperature, while E exceeded 10 mmol H 2 O m À2 s À1 at the time.
Leaf gas exchange responses in the natural habitat
Leaf temperature dependency of gas exchange responses
Leaf temperature dependencies of gas exchange responses in the mature leaves of A. kantoensis measured under laboratory conditions are shown in Fig. 5 , together with the relationships measured in the natural habitat at PPFDs above 1000 mmol photons m À2 s À1 . In the natural habitat, A leaf , E, water use eciency (WUE A leaf /E) and g sw varied greatly due to variation in factors other than incident PPFD. Photosynthetic parameters of the leaves in both the laboratory and natural habitat showed similar responses, and maximum A leaf was attained at 30±358C. With increasing leaf temperature above 308C, VPD and E increased, while g sw and A leaf decreased. Consequently, at a leaf temperature of 408C, WUE was as low as 26 % of its maximum value which was attained at 308C.
Eect of soil water availability on gas exchange responses
Soil water availability in¯uenced markedly leaf gas exchange responses (Fig. 6) . Lower A leaf , E and g sw were recorded for the`Dry' plants compared with the`Wet' plants, and the reductions were enhanced during the midday hours. At 1130 h, A leaf of the`Dry' plants was only 71 % of that of the`Wet' plants (ANOVA, P 0 . 0539, tested for nine±ten leaves for each regime) with slightly higher leaf temperature (P 0 . 0104). A leaf of`Dry' plants remained lower than that of`Wet' plants in afternoon hours (1330 h: P 0 . 0027; 1530 h: P 0 . 0838). These reductions of A leaf in`Dry' plants were accompanied by the reduced g sw (not statistically signi®cant).
DISCUSSION
Morphological, transpirational and photosynthetic avoidance of heat load and high light stress Under sunny summer conditions, the leaf temperature of A. kantoensis in the¯oodplain habitat was maintained at considerably lower levels than soil surface temperature (Fig. 1) . The caulescent rosette form of A. kantoensis was demonstrated to be eective in avoiding high temperature stress by lifting the leaves away from the heated soil surface (Fig. 3) . However, irrespective of leaf position, the leaf temperature was constantly maintained below air temperature. This suggests the simultaneous contributions of gas exchange mechanisms. Well-irrigated plants of A. kantoensis did not show any remarkable midday depression in A leaf under a clear summer sky when E was as high as 10 mmol H 2 O m À2 s À1 , and leaf temperature was maintained near air temperature (Figs 4 and 6). These results suggest that transpirational cooling helps prevent overheating of the leaf as long as the soil water supply is not severely limited.
The high stomatal conductance which ensures an adequate supply of CO 2 to the leaf even in sunny midday hours would help to achieve the high photosynthetic rate (30 mmol CO 2 m À2 s À1 ) seen in A. kantoensis (Fig. 4) . Moreover, this maximum A leaf and WUE were sustained at leaf temperatures of 30±358C under both laboratory and in situ conditions, even if the soil temperature exceeded 608C (Fig. 5 ). If this species had an optimum temperature for photosynthesis below 308C, photosynthetic activity would be reduced by photoinhibitory limitation and/or wilting caused by severe transpirational water loss and heat load. Thus, by regulating leaf temperature via high transpiration, as well as by improving the capacity and optimum temperature of CO 2 assimilation (e.g. BjoÈ rkman, 1981; BjoÈ rkman and Demmig-Adams, 1995) , A. kantoensis may be able to use a large fraction of absorbed high light to drive assimilation. These factors would further result in the avoidance of photoinhibition and hence in successful seedling establishment in the potentially stressful natural high light environment.
In¯uence of water availability on the photosynthetic responses under natural high light and temperature conditions
In the natural habitat of A. kantoensis, a large demand for transpirational water can be satis®ed since sucient soil moisture is maintained even under high evaporation. This is due to capillary breaks near the surface of the large-pored soil which prevent upward movement of water. Soil below a depth of 10 cm was shown to have a considerably higher water content than that nearer the surface (see the companion paper by Matsumoto et al., 2000) . A. kantoensis can extend its linear root deep into the underground interspace of gravel, and thus can secure a sucient water supply. However, if the root was damaged by¯ooding, resulting in its length being less than 10 cm, the plants would wilt when rainfall was limited (J. Matsumoto, pers.
obs.). A large soil-to-leaf hydraulic conductance in¯ood-plains may allow a plant to maintain water uptake during hot, low-humidity days (Foster, 1992) . Simultaneously, a high transpirational water¯ow creating a steep water-potential gradient should contribute to rapid absorption of minerals from the nutrient-poor soil of the gravelly¯oodplain (Kramer, 1983) . A well-developed root system that is eective in absorbing water and nutrients from relatively deep soil would be one of the most important adaptations to the environmental stresses indigenous to the gravelly¯oodplain. High investment in the root system, to avoid potential stresses, would only be possible if high net carbon gain for biomass accumulation could be attained (cf. Sims et al., 1994) . Therefore, limited light availability due to shading is likely to have a negative impact on seedling performance of A. kantoensis (see the companion paper by Matsumoto et al., 2000) . This may be one reason for its reduced performance in more heavily vegetated areas. exchange systems, and to Dr Y. Tang of the National Institute for Environmental Studies for his critical comments. We thank the two anonymous referees and the editor for their valuable comments on the manuscript. 
